ABSTRACT. The properties of the ATP-sensitive potassium (K ATP) current were studied in freshly isolated rabbit ventricular myocytes using the patch clamp technique . Removing ATP from the bath (intracellular) solution activated a large K+ conductance in patches from neonatal cells with properties similar to those of KATP channels in other preparations. In membrane patches from neonatal ventricular myocytes, the density of KATP channels was higher than the density of inwardly rectifying K+ channels and the mean patch K ATP current was approximately 10 times that of the inwardly rectifying K+ current, at a patch membrane potential of -60 mV. Glibenclamide (10~M) in the bath solution decreased the number of functional K A TP channels, the open-state probability, and the mean patch membrane current. The single-channel conductance of the K ATP channel was dependent on the external K+ concentration, and the relationship between channel conductance and external K+ concentration was fit by an exponential equation. In addition, the voltage dependence, channel density, and open-state probability of this channel were compared between neonatal and adult isolated ventricular myocytes. The single-channel conductance and channel density of the KA TP channel in neonatal myocytes were significantly smaller than in adult cells. These results suggest that age-related changes occur in the properties of KATP channels. (Pediatr Res 32: 230-235, 1992) Abbreviations metabolic inhib ition , large K+ currents develop and the K+ current-voltage relation may become almost linear (3, 4). Und er these conditions, increased out ward curre nt results in action potential shortening, thereby decreasing Ca 2+ influx and developed tension . In addition, the increase in extracellular K+ may result in a dispersion of refractorin ess, precipitating arrhythmias and abn ormal contractions during hypoxia or ischemia (5).
ABSTRACT. The properties of the ATP-sensitive potassium (K ATP) current were studied in freshly isolated rabbit ventricular myocytes using the patch clamp technique . Removing ATP from the bath (intracellular) solution activated a large K+ conductance in patches from neonatal cells with properties similar to those of KATP channels in other preparations. In membrane patches from neonatal ventricular myocytes, the density of KATP channels was higher than the density of inwardly rectifying K+ channels and the mean patch K ATP current was approximately 10 times that of the inwardly rectifying K+ current, at a patch membrane potential of -60 mV. Glibenclamide (10~M) in the bath solution decreased the number of functional K A TP channels, the open-state probability, and the mean patch membrane current. The single-channel conductance of the K ATP channel was dependent on the external K+ concentration, and the relationship between channel conductance and external K+ concentration was fit by an exponential equation. In addition, the voltage dependence, channel density, and open-state probability of this channel were compared between neonatal and adult isolated ventricular myocytes. The single-channel conductance and channel density of the KA TP channel in neonatal myocytes were significantly smaller than in adult cells. These results suggest that age-related changes occur in the properties of KATP channels. (Pediatr Res 32: [230] [231] [232] [233] [234] [235] 1992) Abbreviations metabolic inhib ition , large K+ currents develop and the K+ current-voltage relation may become almost linear (3, 4) . Und er these conditions, increased out ward curre nt results in action potential shortening, thereby decreasing Ca 2+ influx and developed tension . In addition, the increase in extracellular K+ may result in a dispersion of refractorin ess, precipitating arrhythmias and abn ormal contractions during hypoxia or ischemia (5) .
Recent studies suggest th at increased K+ current in hypoxic and ischemic myocardium is related to the presence of KAT? channels that are activated when inte rnal ATP levels fall (4, 6, 7) . KAT? channels have also been ident ified by single-channel recordin g techniques in cells from other tissues (8) .
Although the KAT? channel has been extensively investigated in a variety of adult cardiac myocytes, information regarding the characteristics of the channel in immature mammalian heart is limited to cultured rat ventri cular cells (9) . Further, the prop erties of the channel have not been compared between neonatal and adult myocytes. Using the patch clamp technique for singlechannel recording, we have characterized the single-channel conductance properties, channel density, and open-state prob ability of this chan nel in the freshly isolated neonatal rabbit ventricular myocytes. In addition, the effects of reduction in cytoplasmic ATP concentration on the outward K+ current and action potential dur ation have been investigated. Comparison of results obtained from neon atal and mature myocytes suggests significant differences in KAT? channe l properties between the two age group s. Near the resting membrane potential (--80 mV), potassium is the dominant perm eant cation in ventricular myocardium (I). Howe ver, out ward K+ currents become quite small in the membrane potential range near the action potent ial plateau, due to inward rectification ofthe K+ current-voltage relation (2) . During
MATERIALS AND MET HODS
Preparation. Isolated ventricular myocytes were obtained from neon atal (2-5 d old, mean ± SEM 3.4 ± 0.3 d, n = 16) New Zealand White rabbits (50-125 g, 108 ± 6.8 g, n = 14) by enzymatic dissociation as described previously (10 , I 1). In brief, neonatal rabbits were antic oagulated with 1000 un its of heparin and anesthetized with pent obarbit al (50 mg) by intraperitoneal injection. The heart was rapidly excised. The aorta was cannulated and perfused for 3 min at a rate of 2.5 mLjmin with Ca 2 +-free Tyrode's solution contai ning (in mM ) NaCl, 136; KCI, 5.4; NaH 2P04 , 0.33; MgCb, 1; HEPES, 10; mannitol, 4; thiamine HCI, 0.6; glucose, 10; and pyruvic acid, 2. Th e perfusate was switched to Ca 2 +-free Tyrode's solution containing collagenase (300 UjmL, Type I; Sigma Chemical Co., St. Louis, MO) and protease (0.35 UjmL, Type XIV; Sigma Chemical Co.), which was recirculated with a peristaltic pump (Minipulse 2; Gilson, Middleton, WI) for 7 to 9 min. Th ereafter, enzymes were washed out for 3 min with 0. 1 mM Ca 2 + Tyrode's solut ion containing (in mM) NaCI, 136; KCI, 5.4; CaCb, 0.1; NaH2P04, 0.33; MgCb, 1; HEPES, 10; mannitol, 4; thiamine HCI, 0.6; glucose, 10; and pyruvi c acid, 2. The ventri cle was opened and gently shaken in 0. 1 mM Ca 2+ Tyrode's solut ion to disperse indi vidual, relaxed myocytes.
Myocytes from adult rabbits (3 to 3.5 kg) were isolated in a similar fashion. After i.v. anti coagulation (hepari n, 1500 U) and 230 • is well within the tolerance established for whole cell recording (16) . Action potential recording. Action potentials were measured in isolated myocytes using the patch clamp amplifier in the current clamp mode. After establishing electrical continuity between the microelectrode and the cell interior, cells were stimulated at 121 min by passing lO-ms current pulses at 1.5x threshold. As for whole cell K+ current recording, action potential duration was measured both upon the puncture of the cell membrane and after 20 min of dialysis of the cell interior with ATP-free pipette solution. Action potentials were recorded, digitized, and stored on a computer (IBM AT) for later analysis. The bath and pipette solution were the same as for whole cell voltage clamp experiments.
Statistical methods. Data are presented as mean ± SEM.
Groups were compared using a two-tailed t test. A p value of < 0.05 was used to indicate significance. Slopes of lines were calculated by linear regression. Statistical analysis was performed using BMDP software (Los Angeles, CA). (Fig. 1, upper trace) , which failed to open when ATP was restored to the bathing solution. The emergence of this channel upon removal of ATP was reversible and reproducible ( Fig. 1,  lower trace) . Equivalent results were recorded from a total of 14 inside-out membrane patches. These currents are similar to those recorded from the ATP-sensitive K+ channel previously characterized in adult ventricular myocytes (6) and in other preparations (8) .
RESULTS

Identification
Voltage-dependence 0/ the KATP channel in neonatal cells. When excised membrane patches from neonatal rabbit ventricular myocytes were exposed to symmetrical K+ solution ([K+]o = [K"], = 150 mM), the current flowing through open K A T P channels had a reversal potential of approximately 0 mV, and the current amplitude was dependent on the membrane potential. Figure 2A shows single-channel current records at various potentials in a typical membrane patch from a neonatal myocyte. The current-voltage relation for this patch ( sedation (pentobarbital, 150 mg), hearts were excised and perfused at a rate of 45 mL/min. Solution composition was identical to that used for neonatal rabbits, but enzyme perfusion time was increased to 40 to 45 min. The viability ofmyocytes prepared in this fashion and the suitability for physiologic studies has been discussed previously (10) (11) (12) .
Patch clamp technique. Ventricular cells were placed in a small volume recording chamber (1 mL) on the stage of an inverted microscope (Diaphot, Nikon Inc., Garden City, NY). A standard patch clamp technique, similar to that of Hamill et al. (13) , was used and has been described previously (11). After formation of a gigaseal between the pipette tip and the surface membrane of a myocyte, a membrane patch was pulled from the cell and currents recorded in the inside-out patch configuration. A List EPC-7 patch clamp amplifier (List-Electronic, Darmstadt-Eberstadt, Germany) was used to measure single channel currents using Corning soft, thin-walled 8161 glass capillaries (Corning Glass Co., Horsehead, NY) with a tip resistance of 2-6 MQ (typically 4 MQ) when filled with internal solution. Sealing resistance varied from 10 to 25 GQ. Single-channel currents and membrane potential were displayed on a storage oscilloscope (5113; Tektronix, Beaverton, OR) and recorded on a Gould chart recorder (Brush 440; Gould Inc., Cleveland, OH) or digitized (1 kHz) and stored on the hard disk of a microcomputer (IBM AT, IBM Co., White Plains, NY), using Axolab 1100 acquisition hardware and pCLAMP software (Axon Instruments, Burlingame, CA). Currents were low-pass filtered at 100-200 Hz with an eight-pole bessel filter (902LPF; Frequency Devices Inc., Haverhill, MA).
Popen was calculated as the mean K+ channel current for a given patch (Imean) divided by the maximum superposition number (N, the estimated number of active channels observed in the patch) multiplied by the unitary current (i):
Imean was determined by subtracting the baseline current from the measured current averaged over at least lOs.
For single-channel recording, the standard bath (intracellular) solution contained (in mM) KCl, 140; HEPES, 5; EGTA, 2; eaCh, 0.5; MgCh, 2; ATP, 2; and KOH to bring the pH to 7.1 (total [K+] = 150 mM) (14) . To activate the K A T P channel, ATP was removed from the bath solution. In some experiments, glibenclamide (10 J1M, Sigma Chemical Co.), a specific K A T P channel blocker (15) , was added to the bath solution to determine its effects on the K A T P channel in neonatal cells. In most experiments, the pipette (extracellular) solution contained (in mM) KCl, 150; HEPES, 5; and KOH to bring the pH to 7.3. When lower [K+] solutions were used, NaCl was substituted isosmotically for KCl. All experiments were carried out at noc, and each experiment was completed within 30 min of patch formation.
Whole cell voltage clamp recording. The effect of removing intracellular ATP on whole cell K+ currents was evaluated using the whole cell voltage clamp configuration. Whole cell K+ currents were measured upon puncture of the cell membrane (control) and after 20 min of cell dialysis with ATP-free internal solution. In these experiments, the bath solution contained (in mM) NaCl, 136; KCl, 5.4; CaCh, 1.8; MgCh, 1; NaH 2P04 , 0.3; HEPES, 10; mannitol, 4; glucose, 10; pyruvic acid, 4; and NaOH to bring the pH to 7.3; the internal pipette solution contained (in mM) KCl,120; EGTA, 14; HEPES, 20; NaH 2P04 , 10; MgCh 2; CaCh, 1; and KOH to adjust pH to 7.1. The cell membrane was held at -80 mV and clamped for 800 ms to potentials of -100 to +80 mV in 20-mV increments. To ensure adequate voltage clamp control, the series resistance (Rs) between the current-to-voltage converter and cell membrane was measured using the G-series (Gs) compensation circuitry of the patch clamp amplifier. In neonatal cells, G, averaged 0.17 ± 0.03 microsiemens, or R, = 5-7 MQ (R, = l/G s ) . Thus, in whole cell voltage clamp experiments, the voltage drop across the series resistance was :s 3 mV for the maximum measured current (400 pA). This linear over the voltage range from -100 to +20 mV with a slope conductance of 57.4 pS. However, at membrane potentials positive to +20 mV, some inward rectification of the current through the K A T P channel was seen.
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Properties of the KAT P channel. To determine the K+ dependence of the where C is a constant = 7.24, and [K"], is in mM.
In 10 neonatal membrane patches, the mean K A T P channel current per patch was 6.2 ± 0.61 pA (patch membrane potential = -60 mV), which was significantly greater than that of the I K1 channel (0.62 ± 0.05 pA, n = 10,p < 0.001) measured in another group of neonatal cells. The larger mean K A T P current is due to a larger single-channel conductance and higher channel density for the K A T P channel as compared with I K1 channels in neonatal cells. Figure 5 compares the single-channel conductance of the K A T P channel to that of the inwardly rectifying K+ channel (IKl) in symmetrical [K+] . The single-channel conductance of the K A T P channel (56.3 ± 0.9 pS, n = 14) was significantly greater than that of the inwardly rectifying K+ channel (25.0 ± 0. to the K+ equilibrium potential, the KAT P channel, in contrast to the IK1 channel, carried significant outward current, both in symmetrical and physiologic K+ concentrations.
Further, measured K A T P channel density in neonatal membrane patches was approximately 3.1 ± 0.2 channels/patch (n = 14). This figure is higher than the previously reported channel density for the IK1channel in membrane patches from neonatal cardiac cells (1.84 ± 0.2 channels/patch, n = 11, p < 0.05) (11).
Thus, a greater K A T P channel density in neonatal ventricular myocytes contributes to the larger mean K A T P current with respect to IKI.
Effects ofglibenclamide. In neonatal cell membrane patches, openings of the K A T P channel were blocked by 10}1M glibenclamide applied to the inside surface of the patch. Glibenclamide appears to affect only K A T P channels, inasmuch as it had no 20mV L 300 ""
We have identified an ATP-sensitive K+ channel in excised membrane patches from freshly isolated neonatal rabbit ventricular myocytes. Our results suggest that the KATP channel in neonatal ventricular myocytes shares many of the properties of the K AT P channel reported in other preparations. The conductance of the K AT P channel in neonatal rabbit cardiac cells is more than twice that of the inwardly rectifying K+ channel, and the current-voltage relation shows little inward rectification when measured in physiologic concentrations of K+. Moreover, we have shown that removal of ATP from the cytoplasmic side of neonatal ventricular myocytes increased K+ outward current and shortened the action potential duration, indicating that K AT P channels in immature heart function in a manner similar to that reported for adult cardiac tissue. In addition, developmental differences in the properties of the KATP channel were demonstrated in the present study. In adult ventricular myocytes, the single-channel conductance of the KATP channel was significantly larger and the channel density higher than in neonatal cells.
The effects of glibenclamide on KATP channels in immature cardiac tissue have not been reported previously. In the present study, we have shown that 10 ,uM glibenclamide almost com- 800-ms clamp step to +40 mV increased from 37.6 ± 7.4 to 91.4 ± 6.7 pA (n = 7, p < 0.01, holding membrane potential = -80 mV). Under similar conditions, the action potential duration shortened by 43.7 ± 12% over the 20-min period. Lowering ATP in the internal solution appeared to have no significant effect on resting membrane potential (data summarized in Fig. 8) .
Comparison of K A T P channel properties between neonatal and
adult cells. The single-channel conductance, channel density, and open-state probability were compared between neonatal and adult rabbit ventricular myocytes (Fig. 9) . Open-state probability was 0.42 ± 0.06 in neonates (n = 14), which was not statistically different from that measured in the adult (0.38 ± 0.08, n = 13). However, in symmetrical K+ concentration ([K+]o = [K+]; = 150 mM), the single-channel conductance of the KATP channel in neonatal cellswas 56.3 ± 0.9 pS (n = 14),which was significantly smaller than that in adult ventricular myocytes (65.6 ± 0.7 pS, n = 11, p < 0.01). In addition, it was found that the estimated K AT P channel density in neonatal rabbit ventricular myocytes (3.1 ± 0.3 per patch, n = 14) was significantly lower than that in adult cells (5.1 ± 0.7 per patch, n = 8, p < 0.05). KAT? channel (h) but had no effect on current through the IK I channel (II), indicating that glibenclamide appears to be a specific KAT? channel blocker at this concentration. C, After washing out gIibenclamide, openings of both channels are again observed. 2 significant effect on I K 1 currents (Fig. 6 ). It was found that both the estimated number of functional channels and the duration of channel openings were decreased by 10 ,uM glibenclamide in neonatal membrane patches, whereas the unitary current amplitude determined at either negative or positive membrane potentials remained unchanged. At a membrane potential of -60 mV, addition of glibenclamide significantly reduced Popen from 0.49 ± 0.02 to 0.04 ± 0.02 (n = 10, p < 0.001). Glibenclamide also decreased the estimated number of functioning KATP channels from 2.61 ± 0.18 to 1.23 ± 0.11 per patch (n = 10, p < 0.05).
Consequently, glibenclamide decreased the Imean from 6.2 ± 0.61 to 0.69 ± 0.11 pA (n = 10, p < 0.01).
Effect ofremoving intracellular ATP on whole cell K+ currents
and action potential. pletely blocked the K ATP channels in neonatal ventricular myocytes. Glibenclamide reduced channel open-state probability and channel number, consequently decreasing outward K+ current. These findings are consistent with the effects of glibenclamide in other preparations (8) . It is possible that glibenclamide may have clinical benefit in preventing action potential shortening, K+ effiux , and subsequent arrhythmias in neonatal myocardium under conditions of relati ve hypoxia and ischemia, as has been suggested for adult myocardium (17, 18) .
In comparing the properties of the KATP channel between neonatal and adult myo cytes, we found a significantly greater single-channel conductance in the adult, suggesting developmental changes in the ability of individual channels to pass K+ ions. This finding is in concert with results from our laboratory and others showing that the single-channel conductance of the IK, channel increases significantly with age (II , 19) and that whole cell K+ currents undergo age-related increases (20) . However, it must be remembered that the contribution of KATP channels to whole cell conductance is dependent not onl y on single K ATP channel conductance but also on KATP channel density. In earlier studies in mature myocytes, Noma and Shibasaki (4) reported that K ATP channel density was almost equal to I K1 channel density. In contrast, recent studies suggest th at the K ATP channel density may be quite high , particularly with respect to the density of IK1channels (17, 21) . Our results indicated that the channel density ratio KATP/IKI increased from 1.68 (3.1/1 .84) in neonatal cells to 2.34 (5.1/2.18) in adult myocytes. These data must be interpreted with some caution because if Popen is relati vely low, the calculation of channel number from max imum channel superposition may underestimate the real channel density. Nonetheless, the comparison ofKATPto I K1 channel density in the two age groups suggests that the functional significance of the K ATP channel ma y be somewhat blunted in the metabolically disadvantaged immature myocardium as compared with ische mic adult myocardium.
In sum mary, th e KATP channel has been characterized in neonatal rabbit ventricular myocytes. KATPchan nels in neonatal cells are activated when ATP is excluded from the intracellular milieu . Opening of these channels results in increased outward K+ curre nt and action potential shortening. Consequently, electrical conduction and mechanical fun ction may be altered. The density and single-channel conductance of these channels increases in an age-dependent manner without significant alteration in the open-state probability. These findings ma y have important implications for the relative ability of neonatal and adult myocardium to respond to hypo xia and ischemia.
